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A STUDY OF HEAT THANSFEE TO LIQUID-SOLID SUSPENSIONS 
FLOWING TURBULENTLY IN A HORIZONTAL PIPE 
SUMMARY 
Numerous industrial processes and operations have re-
quired the heating or cooling of liquid-solid suspensions. 
However, only recently has the subject received any attention 
comparable to that accorded the heat transfer relationship 
for homogeneous liquids. For homogeneous fluid systems, the 
relationship of Sieder and Tate (1936), 
-r = o-o27(-Tr-) (—r-) (-fn:) 
14 
w-" 
has been shown to represent satisfactorily experimental data 
for both heating and cooling. 
Bonilla, e_t al_. (1951, 1953) studied the heat transfer 
to water suspensions of precipitated chalk flowing turbulently 
through a horizontal pipe. The maximum concentration investi-
gated was an 18.0 weight per cent chalk suspension. In order 
to represent the experimental results for both water and 
water-chalk suspensions by a single equation, they introduced 
a correction factor which was directly proportional to the 
weight fraction of solid material in the suspension. 
The subsequent investigation reported by Orr (1952) 
and by Orr and DallaValle (1954) was concerned with the 
Vlll 
transfer of heat to liquid-solid suspensions flowing turbu-
lently through a vertical pipe. Suspensions of five solid 
materials in water and of two in ethylene glycol were studied, 
and the suspension of highest concentration contained 45.7 
weight per cent solid material. The experimental heat transfer 
results for the homogeneous liquids and for the liquid-solid 
suspensions were represented satisfactorily by the Sieder and 
Tate relationship, provided that, for the suspensions, the 
fluid physical properties used in the relationship were those 
calculated for liquid-solid systems. Separate phases of 
Orr's research were devoted to establishing the validity of an 
existing suspension thermal conductivity relationship and to 
developing an empirical suspension viscosity relationship for 
the liquid-solid systems used in the heat transfer investi-
gation. 
The present investigation was initiated in order to 
extend the existing heat transfer data on suspensions flowing 
turbulently through horizontal heated pipes. Additional 
information was warranted by the fact that deviations between 
the water and the water-chalk suspension data of Bonilla, 
et al. remained significant when the data were treated by the 
methods of Orr. Precipitated chalk, graphite, glass beads, 
and powdered copper were the solid materials utilized; the 
latter three materials were also studied in the vertical flow 
investigation. Essential features of Orr's experimental 
IX 
apparatus were retained in order to provide a comparative 
study for suspensions in horizontal flow. 
In the present study, water suspensions containing up 
to 32.5 weight per cent solid material were studied over the 
Reynolds number range of 11,000 to 230,000. Only the pre-
cipitated chalk suspensions presented considerable experimental 
difficulty. A steady deposition of chalk on the pipe wall 
drastically reduced the heat transfer rate toward the end of 
the water-chalk investigation. 
Suspension physical properties were determined by the 
same relationships used for the suspensions in the vertical 
flow study. The heat capacity of a suspension was evaluated 
as the weighted average of the heat capacities of the 
components. 
The thermal conductivity of a suspension was determined 
by using the relationship proposed by Tareef (1940) and further 
examined by Orr (1952), 
^s " ̂ L 
^Kr "+ K_ — ^XyVKy — "r)/ 
K̂L. + K__ 'T X__ v'w — K / 
X P V ̂  X p' 
This equation requires a knowledge of the suspension's volume 
concentration and a knowledge of the conductivities of the 
components. 
Suspension viscosity was evaluated from the relation-
ship proposed by Orr, 
M M^ = — 
x^ 1.8 
(1 - -1^) 
^vb 
which requires, in addition to the liquid viscosity and the 
suspension volume concentration, the determination of the 
volume fraction of the solid material in a sedimented bed. 
By including the latter term, this expression for suspension 
viscosity, in a sense, considers the particulate nature of 
the individual solid materials. The correlation of Orr's 
heat transfer data obtained through use of this viscosity 
relationship was superior to correlations for which viscosity 
was obtained by other methods. 
Prior to the completion of the present investigation, 
two other studies were reported for suspensions flowing 
turbulently in horizontal heated pipes. Miller (1953) 
obtained data for water-graphite and for kerosene-graphite 
suspensions containing up to 13.5 weight per cent graphite. 
Salamone (1954) and Salamone and Newman (1955) reported 
results for water suspensions of copper, carbon, silica, and 
chalk, with the maximum concentration studied being an 
11.0 weight per cent copper suspension. 
The experimental data for the homogeneous liquids and 
for the suspensions of higher concentration reported by 
Bonilla, £t̂  al_. > Miller, and Salamone were recalculated 
according to the methods of the present study. These results 
XI 
have been included with those of the present study in the 
correlation for suspensions in horizontal pipes. The only 
difference observed between the correlation of Orr for 
vertical flow and the present correlation for horizontal flow, 
is that the data for the latter appear to be better 
represented by the Sieder and Tate equation if there is a 
slight reduction in the 0.8 value of the Reynolds number 
exponent. However, upon consideration of the differences in 
methods of experimentation for the four horizontal flow 
studies and of the limitations of the suspension viscosity 
relationship, another representation of the heat transfer 
data was not determined. For most design purposes, the 
Sieder and Tate relationship expresses satisfactorily heat 
transfer data for suspensions flowing turbulently through 
horizontal or vertical pipes. 
CHAPTER I 
INTRODUCTION 
Although heat transfer to liquid-solid suspensions 
has been associated with numerous industrial processes and 
operations, it is only recently that the subject has received 
any noteworthy attention. Technological advances since the 
advent of World War II, as well as current developments in 
the field of nuclear reactors, undoubtedly stimulated 
interest for more precise information on the heat transfer 
properties of liquid-solid suspensions. To date, the pub-
lished studies of four separate investigations have been 
offered to describe the heat transfer relationship for such 
systems. 
Homogeneous liquids.—In contrast, an abundance of information 
has been obtained on heat transfer between solid surfaces 
and homogeneous liquids. As shown by McAdams (1954), for 
the heating or cooling of fluids flowing turbulently 
through pipes, a dimensional analysis of the fluid physical 
properties and flow factors affecting the film coefficient 
of heat transfer, h, has resulted in the familiar relation-
ship, 
^O - ^/ PG ^^ t %^\^ * /IN 
-^ . a( ) (—I—) .* (1) 
In this equation, £, b, and c are dimensionless constants 
whose values can only be experimentally determined. 
Dittus and Boelter (1930) correlated data for liquids 
of low viscosity (less than twice that of water) by 
evaluating all physical properties at the bulk mean liquid 
temperature. Their form of equation 1 results in a value 
of 0.8 for b and certain values for a. and c that depend 
upon whether the liquid undergoes heating or cooling. The 
more logical form of equation 1 proposed by Colburn (1933) 
applies for liquids of higher viscosities and requires values 
of 0.023 for a, 0.8 for b, and 1/3 for c, regardless of 
whether the liquid is being heated or cooled. Viscosity is 
evaluated at the film temperature (the average of bulk mean 
liquid and average pipe wall temperatures), and all other 
properties are evaluated at the bulk mean liquid temperature. 
Considerable data for homogeneous liquids have also 
been correlated by a modification of equation 1 proposed by 
Sieder and Tate (1936): 
hD DG 0-8 CpM 1/3 >A 0.14 
^ . o.027(-^) (--4̂ ) (Tr-> • (2) 
*See Nomenclature, page iv, for definition of terms in 
this and in succeeding equations. 
The additional factor,/̂ //JÎ ,, is the ratio of the liquid 
viscosity at the bulk mean liquid temperature to the liquid 
viscosity at the temperature of the inner surface of the pipe 
wall. This ratio comprises what is generally the most 
temperature-sensitive property of the liquid at each of the 
two characteristic temperatures essential for heat transfer. 
If the liquid physical properties forming the other 
dimensionless groups are evaluated at the bulk mean liquid 
temperature, equation 2 approximates satisfactorily data for 
heating or cooling of homogeneous liquids at Reynolds numbers 
exceeding 10,000. 
McAdams (1942, 1954) reports that heat transfer data 
for flow in tubes are correlated within an average deviation 
of ±20 per cent by equation 2, and that data for petroleum 
fractions and for water exhibited maximum deviations of +43 
and -33 per cent. He also presents a more complete dis-
cussion of the Sieder and Tate equation and of the relation-
ships proposed by earlier investigators. 
Further reference will be made to equation 2 in this 
report, as it is the relationship by which the heat transfer 
results for heterogeneous systems will be examined. When 
the equation is used for liquid-solid suspension data, 
physical properties calculated for the suspension will be 
used in the Nusselt, Prandtl, and Reynolds groups. The 
viscosities forming the viscosity ratio term will be those 
of the suspending medium. 
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Liquid-solid suspensions.—Bonilla, Cervi, Colven, and 
Wang (1051, 1953) appear to be the first to investigate in a 
systematic manner those factors which should permit a 
determination of the heat transfer relationship for 
heterogeneous systems. They studied water suspensions of 
precipitated chalk containing up to 18 per cent chalk by 
weight. These suspensions flowed turbulently through a 
horizontally-mounted 1-1/2-inch standard I.P.S. copper pipe. 
The pipe had a length of 7.84 feet and was exposed to 
condensing steam. Thermocouples were located within the 
pipe wall, and thermometers were located in fluid mixing 
chambers at each end of the copper pipe. Trials were 
conducted for water and for water-chalk suspensions such 
that Reynolds numbers of approximately 9,000 to 300,000 
were obtained. 
Suspension heat capacity was calculated as the 
weighted average of the values for the two components. The 
thermal conductivity of water, rather than that of a water-
chalk suspension, was employed. Suspension viscosity was 
evaluated by the Hatschek (1920, 1928) equation, 
^^ ' I—7^73 ' (3> 
which was derived for high concentrations (50 to 90 per cent 
by volume) of elastically deformable particles. This 
viscosity relation was chosen over other equations by the 
fact that it brought the suspension heat transfer results 
closer to tangency with the results for water at high 
Reynolds numbers. All physical properties were evaluated 
at the mean film temperature, which was taken as the 
arithmetic mean of the mean wall and bulk fluid temperatures. 
Employing fluid physical properties calculated by the 
above methods, Bonilla, £t a3̂ ., found the relationship 
"̂F"̂ "̂¥-> - 0.0438 (^) - 555x^ (4) 
to represent the experimental results satisfactorily. In 
this equation, x^ is the fraction by weight of chalk in the 
suspension. The average film coefficient of heat transfer, 
as determined in this investigation, was obtainable within 
an average error of 10 per cent by means of equation 4. 
Orr (1952) and Orr and DallaValle (1954) reported heat 
transfer data for suspensions flowing turbulently through a 
vertical pipe. The following fluid systems were investi-
gated: water; ethylene glycol; water suspensions of clay, 
copper, glass beads, graphite, and aluminum; and ethylene 
glycol suspensions of graphite and aluminum. A nominal 
3/8-inch standard I.P.S. copper pipe having a heated length 
of 7.70 feet served as the heat exchange pipe. The 
temperatures along this steam-jacketed pipe were determined 
by thermocouples embedded in the pipe wall, and the inlet 
and outlet bulk fluid temperatures were measured separately 
by a thermocouple located within a mixing device at each end 
of the copper pipe. Reynolds numbers from 3,000 to 200,000 
were obtained. In addition to the wide range of physical 
properties afforded by the various solid materials and by 
the two liquids utilized, the employment of suspension 
concentrations up to 45.7 per cent of solid material by 
weight provided considerable variation of suspension physical 
properties. 
The thermal conductivity of a liquid-solid suspension 
was calculated from the relationship proposed by Tareef (1940), 
s L 
2 \ + k - 2 X y ( k L - k p ) 
V¥Z—4. Ir J. Tc—TIFT _ Ir S— 
4SK.T + K p "T A y ^ KJj — " n / 
(5) 
Considering the equation derived by Maxwell (1891) for the 
electrical resistivity of a heterogeneous system containing 
small spheres of uniform size, Tareef reasoned that the 
thermal field in a two-phase system is completely analogous 
to the electrical field of a similar system. Equation 5 was 
therefore written for the thermal conductivity of a 
suspension, kg, in terms of the liquid's conductivity, kĵ ; 
the solid particles' conductivity, k ; and the volume 
fraction of the particles, x^. 
Using the above relationship, Tareef obtained satis-
factory results for bituminous compounds with quartz sand 
and for aniline gum with quartz sand. Orr compared later 
data for bituminous compounds and sand with equation 5 and 
found excellent agreement. 
As a separate phase of his study, Orr constructed an 
apparatus for determining the thermal conductivity of 
suspensions, and found good agreement for various concen-
trations of three of the systems used in the heat transfer 
investigation. Although Maxwell's relation was derived for 
systems containing low volume concentrations of spheres, the 
equivalent equation for thermal conductivity has been found 
to express satisfactorily the experimental results for 
suspensions of non-spherical particles at concentrations as 
high as 65 per cent by volume. 
Viscosity measurements for the liquid-solid suspensions 
studied by Orr were made with a modified Saybolt viscometer. 
From these measurements, the empirical relationship 
^s = x~TTF (̂> 
(1 - -^) 
^vb 
was obtained. Suspension viscosity,)^, is related to the 
viscosity of the liquid,Mj^, the fraction by volume occupied 
by the solid in the suspension, x^, and the fraction by 
volume occupied by the solid in a sedimented bed, x̂ ^̂ . This 
equation represents all of the data within approximately ±15 
per cent at two-tenths of the concentration of a sedimented 
bed, within ±30 per cent at four-tenths, and within ±85 per 
cent at six-tenths of the concentration due to gravity 
settling. 
8 
Several other viscosity relations have been proposed 
previously for two-phase systems. However, only one of the 
relationships discussed by Orr contains a term that is 
comparable to the x^^ term of equation 6. This additional 
factor, in a sense, considers particle size distribution, 
particle shape, and interfacial forces — variables which 
are not considered by the viscosity relations employing 
only the volume fraction of solid material in the suspension. 
Orr attempted several correlations of heat transfer data 
with suspension viscosity being determined by various means, 
but equation 6 was found to give the best correlation. 
Orr obtained satisfactory agreement of experimental 
heat transfer data with equation 2 by using the weighted 
average suspension heat capacity, the suspension thermal 
conductivity relationship of Tareef, and his empirical 
suspension viscosity relation. 
Miller (1953) conducted heat transfer experiments 
with water, kerosene, and suspensions of graphite in these 
two liquids. A horizontal 1-inch standard I.P.S. copper 
pipe having a steam heated length of 7.96 feet was employed 
as the heat transfer section. Thermocouples were embedded 
within the wall of this pipe, and the design was such that 
the pipe could be rotated in order to measure the circum-
ferential surface temperature distribution. However, only 
two runs were recorded for which pipe wall temperatures 
were measured, and the method of Wilson (1915) was used to 
determine the average film coefficient of heat transfer for 
all other runs. Three water-graphite suspensions containing 
5.85 per cent, 9.97 per cent, and 13.5 per cent graphite 
by weight and a kerosene-graphite suspension of 4.73 per 
cent concentration were investigated. Reynolds numbers in 
the range of 18,200 to 142,000 were obtained. Heat capacities 
of all materials except water were determined from measure-
ments made with a calorimeter. Suspension thermal 
conductivity was considered to be that of the suspending 
medium. Kerosene and suspension viscosities were measured 
with a modified MacMichael rotational viscometer. 
The results of Miller's investigation, in addition 
to the data of Bonilla, £t̂  £i-? were represented within ±15 
per cent by the relationship 
0.8 c U^'"^ 
^ = 0.029(22) ( ̂ ) , (7) 
with all physical properties evaluated at the mean bulk 
fluid temperature. 
Salamone (1954) and Salamone and Newman (1955) studied 
water and water suspensions of copper, carbon, silica, and 
chalk flowing through a horizontal, steam-jacketed, 1/2-inch 
standard I.P.S. brass pipe. The heat transfer pipe, which 
had a heated length of 8-1/2 feet, was provided with six 
thermocouples embedded in the pipe wall. The bulk fluid 
temperatures were measured by thermometers located in the 
10 
mixing chambers at each end of the brass pipe. Suspensions 
containing up to 11.0 per cent of solid material by weight 
were investigated for Reynolds numbers in the range of 
14,000 to 140,000. 
The data of Salamone and representative data from 
the studies of Orr and of Bonilla, £t aJL. , were found to be 
expressed satisfactorily by the equation 
hD - DG 0-62 CpL/AO.72 k 0.05 
(8) 
n 0.05 Cpp 0.35 
The apparent suspension viscosity was determined from 
pressure drop measurements made with a pipeline viscometer 
located in series with the heat exchange section. D is the 
P 
average diameter of the solid particles as stated by the 
manufacturer or as determined from sedimentation rates by 
assuming the particles to be spherical. The subscripts 
p and L denote properties of the solid particles and of 
the liquid, respectively. 
When the present investigation was initiated, only 
the studies of Bonilla, et_ al_. , and of Orr had been published 
Whereas, the data of Orr for water, ethylene glycol, and 
suspensions of these liquids were all in close agreement 
with the Sieder and Tate relationship for homogeneous 
liquids, the water-chalk suspension data of Bonilla, et al., 
11 
differed considerably from the water data reported. This 
divergence was especially true for the lower range of 
Reynolds numbers and for the suspensions of higher con-
centration. 
Since this difference might be attributed to 
stratification in the case of horizontal flow of a liquid-
solid suspension, it seemed that further study of other 
suspensions in horizontal flow was warranted. Therefore, 
the present investigation was conducted for the horizontal 
turbulent flow of water and of water suspensions of four 
solid materials — precipitated chalk, powdered copper, 
powdered graphite, and glass beads. With the exception of 
chalk, these materials were substances which had been 
studied by Orr. Also, in order to provide a comparative 
study to that of Orr, the same diameter copper heat transfer 
pipe was used, and other essential features of the vertical 
flow apparatus were retained. 
In accordance with the presentation of Orr, the heat 
transfer data obtained in the present investigation were 
compared with equation 2 by utilizing the suspension thermal 
conductivity relationship of Tareef, the suspension vis-
cosity relationship proposed by Orr, and the weighted 
average suspension heat capacity. Data from the above 
investigations are included with that of the present study 




The design of the heat transfer apparatus incor-
porated certain features suggested by the apparatus designs 
of Orr (1952), Bonilla, et̂  al. , (1951, 1953), and 
Miller (1953). The assembled apparatus is shown in 
Figure 1. A schematic diagram of the arrangement of the 
equipment is shown in Figure 2. The apparatus consisted 
essentially of (1) a heat transfer section, (2) a flow-
straightening section, (3) suspension mixing chambers, 
(4) a suspension cooler, (5) a suspension mixing and storage 
tank, (6) a suspension circulating pump, (7) a suspension 
rotameter, (8) a pressure drop measuring system, (9) a 
steam separator, (10) a steam calorimeter, (11) a steam 
pressure reducing and regulating valve, (12) steam traps, 
(13) a condensate-measuring system, (14) a potentiometer 
with terminal box and selector switches, and (15) the 
necessary piping, valves, pressure gauges, and drain lines. 
The design and function of each of these principal com-
ponents will be discussed in detail below. 
Three horizontally mounted concentric pipes, joined 
at the ends by flange and packing connections, composed the 
heat transfer section. The central pipe, through which the 











































I.P.S. copper pipe having a heated length of 8.21 feet. A 
nominal 2-inch iron pipe, forming the inner annulus, 
served as a steam jacket for the copper heat transfer pipe. 
The outer annulus, which acted as a heated guard for the 
exchanger, consisted of nominal 4-inch iron pipe and 
fittings. The 2-inch pipe permitted the separation of the 
steam condensed on the copper pipe from that condensed on 
the outside wall of the heat transfer section. Details of 
construction of the packing and flange connections at each 
end of the exchange section are shown in Figure 3. 
Steam entered the top of the outer annulus through 
four 1/2-inch pipes and passed into the inner annulus through 
five ports spaced along the top of the 2-inch pipe. Each of 
these ports consisted of a 1-inch pipe nipple over which was 
mounted a tin baffle. The baffles prevented condensate 
from dripping into the steam Jacket from the upper wall of 
the heated guard. The details of construction of the steam 
ports are shown in Figure 4. A port was located opposite 
each of the 4-inch pipe plugs shown in Figure 1. 
Sixteen copper-constantan thermocouples of Leeds and 
Northrup Company, Philadelphia, Pennsylvania, No. 24 gauge, 
double glass wrap, Silicone Resin Impregnated, duplex wire 
were embedded in the wall of the copper pipe. These thermo-
couples were located at five points along the heated length 
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from each end, and approximately midway between the center 
and the end thermocouples. The exact locations of these 
thermocouples are shown on the data sheet found in the 
Appendix. At each of the five thermocouple locations, one 
thermocouple bead was located in the top of the pipe wall 
and one was located in the bottom of the wall. There was 
a longitudinal distance of approximately 1/2 of an inch 
between these two thermocouple positions. Alternate pairs 
of thermocouples were similarly located near the center 
and at each end of the copper pipe. 
Each thermocouple was installed in the following 
manner: circumferential grooves, extending half around the 
pipe, were milled 0,045 of an inch deep and 1/8 of an inch 
wide; the insulated thermocouple was placed in the groove 
with the bead at one end and the leads extending out the 
other; the bead was soldered to the bottom of the groove 
at the proper point with pure tin; a strip of copper 1/8 of 
an inch wide was pressed into the unfilled portion of the 
groove and firmly clamped in place; the strip was soldered 
with pure tin, and the excess tin and copper were filed 
down to the level of the original pipe surface. Thus, the 
thermocouple leads, insulated to the bead, were located in 
a relatively isothermal zone of the pipe wall for a 
distance of approximately one inch. The thermocouple leads 
emerged from the steam jacket through the five steam ports 
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described above. The method of withdrawing the leads from 
the outer annulus is shown in Figure 4. 
The copper pipe packing assemblies were located 
3/16 of an inch vertically off center at each end of the heat 
transfer section to facilitate drainage of the condensate. 
This was accomplished by leveling the copper pipe by means 
of a cathetometer; the offset in the end plates then caused 
the concentric iron pipes to be tilted in the direction of 
the fluid outlet end of the exchanger. Separate condensate 
drains for both annuli were provided near the center and 
at the outlet end of the heat transfer section. The details 
of construction of these condensate lines may be seen in 
Figure 3. Centering screws of calculated lengths were 
employed at two points in the exchange section to minimize 
deflection of the copper pipe. The entire exchange section, 
except for the flange and packing connections, was insulated 
with standard thickness, 85 per cent magnesia pipe insulation. 
At the fluid inlet end of the exchange section, the 
copper pipe extended 28-1/2 inches outside of the exchanger. 
This extension served as a flow-straightening section of 
about fifty-seven pipe diameters. It terminated within a 
fluid mixing chamber so designed that a complete reversal of 
flow was achieved. A thermocouple installed near the 
entrance of the straightening section permitted measurement 
of the bulk temperature of the fluid entering the heat 
transfer section. The copper pipe extended 10-3/4 inches 
20 
beyond the outlet end of the heat exchange section and 
terminated inside a mixing chamber where the bulk temperature 
of the heated fluid was obtained. Both copper pipe ex-
tensions were insulated with double-standard thickness, 
85 per cent magnesia pipe insulation. The details of con-
struction of the fluid mixing chambers are shown in Figure 5. 
Upon leaving the outlet fluid mixing chamber, the 
fluid passed through two tubes of a five-tube, four-pass 
heat exchanger having 3/4-inch, No. 18 B.W.G. copper tubes. 
The exchanger was manufactured by the Bell and Gossett 
Company, Morton Grove, Illinois. Only two of the five 
available tubes were used in order that accumulation of 
solid material in the heat exchanger might be reduced. Tap 
water was employed as the cooling medium. 
The cooled fluid then passed into a stainless steel 
mixing and storage tank. In flowing to the mixing tank, 
the fluid passed through a three-way cock which permitted 
flow rate determination and fluid sampling. The mixing tank 
was provided with a 1/4-HP, 1,725-rpm fluid mixer manu-
factured by the Alsop Engineering Corporation, Milldale, 
Connecticut. A variable transformer was provided so that 
the degree of agitation might be regulated. A thermocouple 
mounted in the end of a copper tube was located in the tank, 
thereby giving a check on the bulk temperature of the fluid 
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Fluid was withdrawn from the bottom of the mixing and 
storage tank by a 1-inch, close-coupled, centrifugal pump 
having an enclosed type impeller, and driven at 3,450 rpm 
by a 2-HP motor. The pump was manufactured by the 
Ingersoll-Rand Company, New York, New York. The stream 
leaving the pump could be returned directly to the mixing 
tank or could pass through the heat transfer system. 
The fluid which passed through the system went 
directly from the pump through a 1-1/4-inch rotameter and 
then to the straightening section described above. The 
rotameter was the Size No. 7 Universal Model of the Schutte 
and Koerting Company, Philadelphia, Pennsylvania. During 
the initial trials with dilute suspensions, the rotameter 
was useful in determining the relative rates of fluid flow 
through the system. However, for concentrated suspensions 
the float position could not be determined. Also, in order 
to obtain higher flow rates, it was necessary to remove the 
float from the rotameter. Thereafter, the rotameter tube 
served to insure the absence of air from the fluid stream. 
Measurement of pressure drop accompanying flow of 
the fluid through the heat exchange section was made with a 
mercury-filled manometer. Because of the space requirements 
of the copper pipe packing assemblies, the pressure taps were 
located 5-3/16 inches outside the inlet to the exchange 
section and 3-9/16 inches beyond the outlet. Therefore, the 
pressure drop measurements were made over a distance of 
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8.93 feet. Details of the method of attaching the taps 
to the copper pipe are shown by Orr (1952). 
As may be seen in Figure 2, steam from the main line 
first passed through a steam separator. Next, a continuous 
sample of steam was diverted to a steam calorimeter located 
on the same line about six feet below the separator. In 
designing the calorimeter and sampling tube, Orr followed 
a design recommended in Power Test Codes, ASME Series 1929, 
Instruments and Apparatus, Part II. The calorimeter 
temperature was measured with an ASTM-certified thermometer. 
Since the pressure in the main steam line averaged 
2 about 150 lb./in. gauge, it was necessary to reduce and 
regulate the pressure in the heat exchange section. There-
fore, a 1/2-inch, No. 960 regulator of the Crane Company, 
Chicago, Illinois, supplied steam at pressures of from 5 to 
30 pounds. 
As shown in Figure 2 by the schematic diagram, two 
streams of condensate were withdrawn from the heat transfer 
section. In order to maintain a certain pressure within 
the section, a steam trap or another type of system was 
required on each condensate exit line. No. 070, 1/2-inch, 
inverted bucket type steam traps, manufactured by the 
Strong, Carlisle, and Hammond Company, Cleveland, Ohio, were 
used. In addition, a valve arrangement permitted the 
condensate which originated on the copper pipe surface to be 
discharged either through a steam trap or through a 
measuring system. The measuring system consisted of a 
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sight glass, through which the level of this condensate 
could be viewed, and a Size No. 4, Master-Enclosed, Series 700, 
rotameter with a viscosity-immune float, manufactured by the 
Fischer and Porter Company, Hatboro, Pennsylvania. A 
calibration curve for the entire rotameter range was 
supplied by the manufacturer. Thus, it was possible to 
regulate the flow of condensate through the rotameter so 
that the condensate level stayed within the 1-1/2 inch 
length of sight glass for a reasonable period of time. 
A thermocouple installed within this measuring system per-
mitted a determination of the condensate temperature. 
Condensate from the outer annulus of the heat transfer 
section could also be diverted through a line containing a 
sight glass. This was done from time to time as a check on 
the functioning of the steam trap in this line. 
All steam, condensate, and vent lines were insulated 
with the appropriate size of 85 per cent magnesia pipe 
insulation. 
As mentioned in the preceding discussions, twenty 
thermocouples were installed in the system. Sixteen of these 
were employed to measure the copper pipe wall temperatures; 
two to measure the heat transfer fluid temperatures; one 
to measure the fluid temperature in the mixing tank; and 
one to measure the condensate temperature. The leads of 
each thermocouple were brought through a terminal box to 
either a double-pole ten point or twelve point Leeds and 
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Northrup thermocouple selector switch. Potential determi-
nations were made with a Leeds and Northrup No. 8662 Portable 
Precision Potentiometer and a melting ice reference junction. 
The potentiometric system was arranged in accordance with 
principles set forth by Baker, £t al., (1953). It was 
impossible to obtain an accurate calibration of the pipe 
wall thermocouples after installation in the copper pipe. 
However, calibrations were obtained for two thermocouples 
installed in a short segment of copper pipe, for two un-
mounted thermocouples, and for three thermocouples mounted 
in small copper tubes for insertion into the fluid or 
condensate streams. These thermocouples were compared with 
thermometers calibrated to 0.1 degree Fahrenheit by the 
National Bureau of Standards. Three measurements of the 
potential of each thermocouple were made at seven temperatures 
over the range of 100*̂  F. to 250° F. Upon averaging all of 
the values of the potentials indicated at each of the seven 
temperatures, the maximum difference between measured 
potential and avcjrage potential at each temperature was 32 
microvolts or less. Therefore, a graph of average potential 
for all of the thermocouples versus temperature was utilized 
in determining the pipe wall temperatures. A separate graph 
of average potential for the fluid and condensate thermo-
couples, which were in very close agreement at each 
temperature, was also made. This latter calibration curve 
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was used only in the determination of temperatures in the 
fluid mixing chajnbers and in the condensate line. These two 
calibration curves, which were approximately parallel to the 
standard copper-constantan thermocouple potential and 
temperature relationship given by Shenker, et al., (1951), 
were within the standard limits of error specified for the 
wire by the manufacturer. The calibration data are given in 
the Appendix. 
Bourdon gauges were installed at several points in 
the heat transfer apparatus to measure steam pressure and 
at one point to indicate the pressure on the heated fluid. 
Steam gauges were located on the main line near the calori-
meter, on the reduced-pressure steam line, on the inner 
annulus condensate exit line, and on the exchange section 
air vent line. A gauge located at the solid material trap 
in the low pressure line of the pressure drop measuring 
system served to insure that the minimum pressure on the 
fluid in the exchange section was sufficient to prevent 
boiling. This gauge was also useful in establishing the 
relative rates of fluid flow through the heat exchange 
section. All gauges were calibrated with a dead-weight 
gauge tester prior to installation. 
Valves and cocks were installed in the apparatus to 
control the flow of the heat transfer fluid, steam, or cool-




During the period of apparatus adjustment and tech-
nique development, a definite experimental procedure was 
established. Although several runs were made with pure 
water as the heat transfer fluid, the following discussion 
will describe the procedure that was followed for 
suspensions of solid material in water. 
A period of from four to five hours was required for 
the complete investigation of a suspension of constant con-
centration. Therefore, in order to allow time for draining 
and flushing the system, not more than two or three con-
centrations of a certain suspension were studied during a 
single period of operation. 
At the beginning of a series of runs, the tank was 
partially filled with water, the circulating pump was 
started, the cock in the fluid line from the heat exchange 
section was opened to the drain, and fresh water was added 
to the tank at the rate at which the system was being 
drained. As soon as the water in the system was clear, the 
drain cock was closed, and the tank was filled with water 
to the desired level. Then, the stirrer in the tank was 
started, and the flow of water through the system was set 
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at a moderate rate. Preparatory to the admission of steam 
into the heat exchange section, the vent lines were opened; 
both condensate lines from the exchange section were routed 
through steam traps; the main steam line was freed of con-
densate; the drain from the steam separator was opened in 
order to free the main line of future condensate; and the 
flow of cooling water to the fluid cooler was started. 
Finally, steam was admitted to the heat exchange section, 
and the valve to the steam calorimeter was opened. 
Through reduction of the cooling water rate, the 
water in the system was brought almost to the boiling 
temperature in order to expel absorbed gases. Then, the 
water temperature was brought to a lower level, and the 
r 
desired quantity of solid material was added to the mixing 
tank. After thorough mixing of the solid-liquid suspension 
had been attained, the pressure drop measuring system and 
the fluid pressure gauge were opened to the pressure in the 
system. The suspension flow rate was then adjusted to the 
desired range, as indicated by readings of pressure drop 
and fluid pressure. 
When the apparatus had adjusted itself to the new 
temperature conditions, the steam pressure in the exchange 
section was readjusted to the desired value, and the sus-
pension flow rate and temperature were reset, if necessary, 
by manipulation of the fluid and cooling water valves. The 
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flow of condensate from the inner annulus of the exchanger 
was then routed through the condensate measuring system, and 
the valve in this line was adjusted so that the condensate 
level remained within the sight glass. During the next hour, 
the suspension temperatures were periodically checked, and 
the condensate level was kept within the sight glass by 
adjustment of the valve. 
When the system had reached a state of equilibrium, 
as indicated by the constancy of the temperatures within the 
fluid mixing chambers, the following data were recorded: 
suspension inlet and outlet temperatures, copper pipe 
temperatures, condensate temperature, mixing tank temperature, 
condensate rotameter reading, calorimeter temperature, 
main line and exchange section steam pressures, pressure on 
the fluid, fluid pressure drop through the exchanger, and 
barometric pressure. Immediately after these readings had 
been recorded, the three-way cock in the fluid line was 
utilized to obtain suspension samples and to measure 
suspension flow rate. A half-gallon sample of the suspension 
obtained at this time was later weighed in a 2-liter graduated 
cylinder for the density determination; a sample contained 
in a 250-milliliter or a 500-milliliter graduated cylinder 
was later used to determine the settled bed volume of the 
suspension. Suspension flow rate was determined by weighing 
the amount of suspension collected during a certain time 
30 
interval. This quantity of suspension was returned to the 
mixing tank, and preparations were made for the next run. 
A series of runs with a suspension of constant con-
centration was usually begun with the run of highest suspension 
flow rate, and the flow was decreased for each of the three 
or four succeeding runs. Also, the lowest suspension con-
centration was the first studied, and more solid material 
was added to the tank when it was desired to investigate 
another concentration of the same suspension. Therefore, at 
the completion of a run, either the flow rate was reduced, 
or more solid material was added to the tank and the flow 
was again increased to the highest rate desired. 
During the interval between periods of operation, and 
when investigations were to be conducted upon suspensions of 
another solid material, the system was cleaned by circulating 
a suspension of glass beads and water for several hours. 
This treatment removed any accumulation of solid material 
from the wall of the copper heat transfer pipe. This was 
evidenced by the fact that subsequent runs employing pure 
water were in agreement with the initial water runs of this 
investigation, as well as with the established correlation 
for pure liquids. Also, visual inspection of the copper 
pipe wall following one such cleaning showed the pipe wall 
to be in the same clean condition as when the apparatus was 
being constructed. As a final step in the cleaning 
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procedure, water was circulated through the system for 
several hours, and the manometer lines and traps were filled 




General fluid system information for all runs is 
given in Table I. The experimental heat transfer data are 
found in Table II. The form of the experimental data sheet 
is represented in Appendix II. Copies of the original data 
sheets are on file at the Price Gilbert Library of the 
Georgia Institute of Technology. 
For each run the pipe wall center temperatures were 
plotted versus the corresponding thermocouple locations. 
The data were represented satisfactorily for each run by a 
straight line through the points. The inlet and outlet pipe 
wall center temperatures listed in Table II are the values 
obtained by extrapolation to the lines representing 
graphically the extremities of the heated portion of the 
copper pipe. Figure 10 in Appendix II shows the pipe wall 
temperature distribution for a typical run. 
Although not used in the calculations of this 
investigation, measurements of the fluid pressure drop due 
to friction are included in Table II. 
Treatment of the experimental heat transfer data is 
illustrated by the sample calculation presented in Appendix II 
The calculated results for all of the runs are given in 
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Table III, and the dimensionless groups of equation 2 are 
given in Table XV. Discussion of the calculated heat 
transfer data is reserved for the next chapter. 
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TABLE I. GENERAL FLUID SYSTEM INFORMATION 
Run Wei ght Per Cent Volume Per Cent 
No. Fluid System Sol id Material Solid Material 
1 Water 0 0 
2 ft 0 0 
3 f r 0 0 
4 Water and glass beads 4.70 1.88 
5 tt 4.70 1.88 
6 (! 4.70 1.88 
7 tt 4.70 1.88 
8 1* 4.70 1.88 
9 Water 0 0 
10 Water and glass beads 15.4 6.55 
11 t» 15.4 6.55 
12 f S 15.4 6.55 
13 If 15.4 6.56 
14 IJ 15.4 6.58 
15 It 27.4 12.7 
16 tt 27.4 12.7 
17 »t 27.4 12.7 
18 It 27.4 12.7 
19 tt 31.7 15.1 
20 tt 31.7 15.1 
21 It 31.7 15.2 
22 If 31.7 15.2 
23 Water 0 0 
24 Water and graphite 5.55 2.78 
25 r» 5.55 2.78 
26 tt 5.55 2.78 
27 ti 5.55 2.78 
2S tf 5.55 2.79 
29 Water 0 0 
30 Water and graphite 16.0 8.49 
31 "t 16.0 8.49 
32 it 16.0 8.49 
33 n 16.0 8.49 
34 t!t 16.0 8.48 
35 ft 28.5 16.1 
36 tt 28.5 16.1 
(Continued) 
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TABLE I. GENERAL FLUID SYSTEM INFORMATION 
(Concluded) 
Run Weight Per Cent Volume Per Cent 
No. Fli aid System Solid Material Solid Material 
37 Water ; and graphite 28.5 16.1 
38 it 28.5 16.1 
39 If 28.5 16.3 
40 II 32.5 18.8 
41 ti 32.5 18.8 
42 »» 32.5 18.8 
43 r 32.5 18.9 
44 Water 0 0 
45 Water and glass beads 14.1 6.02 
46 fr 14.1 5.98 
47 t'̂  14.1 5.98 
48 Water 0 0 
49 Water and chalk 4.99 1.84 
50 t! 4.99 1.84 
51 H 4.99 1.84 
52 »t 4.99 1.84 
53 1* 4.99 1.85 
54 ft 13.9 5.42 
55 tt 13.9 5.44 
56 tt 13.9 5.45 
57 •t 13.9 5.48 
58 ii 13.9 5.49 
59 Water and copper 3.55 0.40 
80 tt 3.55 0.40 
61 IT 3.55 0.40 
62 II 3.55 0.40 
63 It 3.55 0.40 
64 M 15.3 1.93 
65 ft 15.3 1.93 
66 Vt 15.3 1.93 
67 »» 23.8 3.28 
68 «t 23.8 3.28 
69 »t 23.8 3.28 
70 H 28.1 4.08 
71 »t 28.1 4.08 
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(4^) /^W 
( ^^ ) 
c 1̂  ; 
Run 
No. > > 
^ k ^ V k' ) \ i I 
0.14 
-) 
1 109,000 316 1.95 1.28 245 
2 116 ,000 368 2.16 1.31 274 
3 147 ,000 456 2.15 1.25 342 
4 184 000 572 2.19 1.20 429 
5 159 000 519 2.19 1.23 389 
6 138 000 476 2.20 1.25 355 
7 114 000 407 2.21 1.27 302 
8 92 000 333 ii . eltdi 1.31 246 
9 193 000 488 1.98 X , ^inCd 378 
10 169 000 514 2.17 1.20 387 
11 152 000 485 2.17 1.22 364 
12 126 000 433 2.18 1.24 324 
13 105 000 300 2.20 1.26 290 
14 63 300 272 2.37 1.38 195 
15 124 000 468 2.63 1.25 329 
16 110, 000 430 2.64 1.26 301 
17 88, 500 371 2.66 1.30 259 
18 58, 200 271 2.71 1.37 186 
19 122, 000 426 2.60 1.24 301 
20 104, 000 380 2.61 1.27 267 
21 73, 000 309 2.97 1.28 208 
22 48 700 223 3.10 1.37 147 
23 134 000 391 2.19 1.29 290 
24 165, 000 479 2.24 1.24 355 
25 146, 000 441 2.25 1.25 326 
26 122, 000 394 2.25 1.28 290 
27 96, 700 338 2.30 1.33 247 
28 62, 200 255 2.36 1.41 182 
29 75, 100 266 2.31 1.42 191 
30 104, 000 395 2.94 1.23 268 
31 74, 800 321 2.95 1.27 216 
32 87 500 351 2.94 1.25 238 
33 59, 700 270 2.96 1.31 181 
34 36, 600 189 2.92 1.37 127 
35 40, 600 280 5.45 1.24 154 
36 37 600 254 5.23 1.24 142 
(Cont inued) 
TABLE IV. CALCULATED DIMENSIONLESS GROUPS 
(Concluded) 
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( ^^ ) ( ^^ ^ rnl/ii u 0-14 
^ /^w 
37 30,800 219 5.29 1.27 121 
38 23 900 170 5.47 1.32 92.6 
39 14 200 94.4 6.63 1.49 47.5 
40 23 900 216 8.29 1.27 103 
41 27, 200 252 8.34 1.23 121 
42 19 200 184 8.48 1.30 86.7 
43 16 100 158 8.76 1.35 73.4 
44 54 800 208 2.42 1.45 147 
45 45 400 148 2.74 1.54 99.8 
46 109 000 371 2.36 1.32 269 
47 181 000 530 2.34 1.24 387 
48 228 000 550 2.10 1.23 417 
49 143 000 583 3.19 1.22 385 
50 127 000 525 3.20 1.24 346 
51 108, 000 471 3.23 1.27 308 
52 82, 400 377 3.26 1.31 245 
53 30, 900 191 3.69 1.45 118 
54 65 900 512 6.36 1.21 269 
55 43 000 351 6.64 1.29 180 
56 35 300 251 6.76 1.36 127 
57 25 100 175 7.71 1.46 83.9 
58 11 300 77.2 7.96 1.62 36.2 
59 218 000 596 2.09 1.23 453 
60 195, 000 559 2.09 1.25 424 
61 167, 000 511 2.10 1.26 386 
62 125, 000 413 2.13 1.32 309 
63 41, 900 178 2.17 1.51 130 
64 220, 000 546 1. So 1.24 430 
65 195 000 503 1.88 1.25 399 
66 152 000 425 1.90 1.29 331 
67 224, 000 499 1.73 1.24 404 
68 197, 000 473 1.74 1.26 382 
69 150, 000 387 1.75 1.29 310 
70 224, 000 456 1.69 1.26 371 
71 174, 000 405 1.69 1.29 328 
72 187, 000 500 2.44 1.24 361 
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CHAPTER V 
DISCUSSION OF RESULTS 
The experimental results obtained in this investi-
gation for water-suspensions are compared with the heat 
transfer relationship for homogeneous liquids, equation 2, 
in Figure 6. Also included for comparison are data for 
suspensions of chalk, graphite, and copper obtained by 
Bonilla, £t̂  aĵ . <• Miller, and Salamone, respectively. Only 
the suspensions of higher concentrations reported by these 
three investigators have been recalculated and presented 
here, in order that comparison with equation 2 might be 
conducted for the more stringent conditions. The re-
calculated data for the water runs of each investigator and 
for the kerosene runs of Miller are also shown in Figure 6. 
Thus, Figure 6 consolidates data of four separate 
studies of liquid-solid suspensions flowing turbulently 
through horizontal heated pipes. At any value of Reynolds 
number in the range of 11,000 to 230,000, agreement of the 
hn ^ D M 1/3 U 0.14 
grouping ( , ) / (—̂ r-—) ( fT ) with the equation lor 
k K ^ ^ 
homogeneous liquids is within a maximum deviation of 
approximately +25 per cent, except for several water-graphite 
suspension runs of Miller and a few chalk suspension runs. 
Representation of the data by equation 2, in which the 
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to specific relationships, is satisfactory for most design 
purposes. The agreement is considered acceptable in view 
of the deviations reported between homogeneous liquid data 
and equation 2. Also, it should be noted that the heat 
transfer coefficients of Miller were not obtained according 
to the procedure used in this and in the other investigations. 
The difficulty encountered in the chalk suspension study will 
be discussed later. 
The heat transfer data of Orr for suspensions in 
vertical turbulent flow are compared with equation 2 in 
Figure 7. 
Suspension viscosity.—The deviations between the experimental 
heat transfer results and equation 2, as shown by Figure 6, 
are attributed primarily to the suspension viscosity 
evaluation. Errors in the determination of suspension heat 
capacity and suspension thermal conductivity are considered 
slight. The relationship used to calculate heat capacity has 
had extensive satisfactory employment, while that used to 
calculate thermal conductivity has had less frequent but 
highly satisfactory utilization. 
As in previous investigations of heterogeneous 
systems, viscosity is the property which is the most difficult 
to measure or estimate. For design purposes, it is desirable 
to obtain a reasonably accurate value of suspension 
viscosity without having to perform an experiment, as in 
46 
the case in which a pipeline viscometer is used.* Ideally, 
suspension viscosity would be calculated by a relationship 
requiring only knowledge of liquid viscosity and suspension 
concentration. However, relationships requiring such meager 
information are usually adequate only for limited ranges of 
concentration and for specific substances. It is evident 
that some factor related to the nature of the solid particles 
must be introduced. 
The suspension viscosity relationship proposed by 
Orr (1952) and used in this study requires, in addition to the 
basic information just mentioned, the determination of a 
factor characteristic of each solid material. This additional 
information (the volume fraction of solid material in a 
sedimented bed) is determined from simple measurements of 
weight and volume. Orr's convenient viscosity relationship, 
equation 6, has been found adequate for nine liquid-solid 
systems containing up to 45.7 per cent solid material by 
weight. Reproduced in Figure 12, Appendix III, is his 
experimental suspension viscosity data from which the 
empirical viscosity relationship was obtained. 
It should be noted that there are two methods by 
which the ratio x /x^^, required for the suspension viscosity 
•It should not be construed that the pipeline vis-
cometer technique necessarily yields an accurate measure of 
suspension viscosity. Orr obtained equally unsatisfactory 
suspension heat transfer correlations by use of pipeline 
viscometer data and by use of the pure liquid viscosity. 
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relationship, might be determined. The method employed by 
Orr and used in the majority of the calculations of the 
present study was to evaluate each of the terms separately. 
The fraction by volume of solid material in the suspension, 
x^, was calculated from the measured suspension density and 
from the density of the solid and of the liquid composing 
the suspension. The fraction by volume of solid material in 
a sedimented bed, x̂ jj, was determined by mixing a weighed 
quantity of the solid material with the liquid in a graduated 
cylinder and observing the volume of the sedimented bed 
after a long period of undisturbed settling. The value of 
x ^ listed in Table III for each solid material is the 
average value determined from several measurements on 
mixtures containing different amounts of solid material and 
liquid. 
An equivalent method of determining the value of the 
ratio X /x ^ is to permit a sample of the suspension actually 
employed in the heat transfer study to settle undisturbed in 
a graduated cylinder. The ratio of sedimented bed volume to 
total suspension volume is then equal to x /x , . Usually 
several days of settling were sufficient to yield a constant 
value of sedimented bed volume. 
The values of the ratio obtained by the two methods 
differed only slightly for suspensions of copper and of glass 
beads. However, better correlation of the heat transfer data 
for the graphite suspensions was obtained by use of the 
48 
experimentally determined value of x̂ ^̂ . Conversely, better 
agreement for the chalk suspension data was achieved by use 
of the volumetric technique. The method used to determine 
the viscosities of suspensions of the other investigations 
presented here depended upon the individual situation, as 
will be discussed later. 
In agreement with the contention of Reiner (1949), 
Orr's experimental viscosity data indicate that the change 
in suspension viscosity with temperature is entirely due to 
the change in the liquid's viscosity.* Therefore, equation 2 
may be rewritten with suspension viscosity appearing in 
Reynolds and Prandtl numbers and with liquid viscosity, at 
the fluid and wall temperatures,appearing in the viscosity 
ratio term. As such, the equation can be solved for sus-
pension viscosity in terms of pipe geometry, experimentally 
determined temperatures and mass flow rate, suspension heat 
capacity and thermal conductivity, and liquid viscosity. The 
resulting expression, together with data from the present 
investigation, is presented in Appendix III. 
Suspension thermal conductivity.—The thermal conductivity 
relationship proposed by Tareef (1940), which was used in 
Orr's and in this investigation, has been discussed in the 
Introduction. Tareef also gave an analysis of equation 5 
•This is discussed in connection with equation 6 in the 
sample calculation presentation, Appendix II. 
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to show the eff€?ct of employing a solid material of high 
thermal conductivity. 
Upon dividing numerator and denominator of the right 
side of equation 5 by k and substituting N for each resulting 
l i 
ratio of k /k, , the equation may be written 
kg 2 4 N 4 2x^N - 2Xy 
ij[ - 2 + N - x^N 4 x^ • (9) 
For the case of solid particles of high thermal con-
ductivity suspended in a medium of relatively low conductivity, 
all terms not containing N may be omitted from the above 
equation. The resulting approximation is, then, 
k N + 2x N 1 4 2x 
s „ v__ « V 
k_ "" N - x„N " 1 - x„ • (10) 
Ju V V 
Thus, a suspension containing 50 per cent by volume 
of a highly conductive solid material would have an approximate 
k / kt value of only four. It is obvious, then, that the 
thermal conductivity of a fluid system cannot be greatly 
increased by the addition of a highly conductive solid 
material. Therefore, Bonilla, £_t aJ. , (1951, 1953) and 
Miller (1953), who treated solid materials of relatively low 
and moderate thermal conductivity, respectively, were not 
seriously in error by using liquid conductivity rather than 
suspension conductivity. Even for employment of a highly 
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conductive solid material, the use of the liquid conductivity 
alone would seem preferable to the assumption that the con-
ductivities are additive by volume. 
Heat transfer rate,—The heat transfer rate which was used to 
calculate the average film coefficient of heat transfer was 
that rate determined from the rate of fluid flow, the fluid 
heat capacity, and the fluid temperature rise. A slightly 
higher rate of heat transfer was calculated for each run 
from the condensate flow rate and from the enthalpies of 
steam and condensate. This higher rate was partially due to 
heat loss through the uninsulated flanges at each end of the 
exchanger. In all but three of the runs, the heat transfer 
rates calculated for the steam were less than 10 per cent 
greater than the rates calculated for the fluid. 
The rate of heat transfer from the condensing steam 
was used as a check on the reliability of the heat input to 
the fluid. The fluid heat rate was used in the calculations 
because the measured and calculated quantities relative to 
the heat transfer fluid were considered more accurate than 
those for the steam and condensate. Also, employment of 
heat transfer rates based on conditions of the fluid is the 
usual design procedure. 
Discussion of individual systems.—Information relative to 
the calculation and correlation of data for suspensions of 
the four solid materials is presented below. 
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(1) Glass bead suspensions. Data for the water suspensions 
of glass beads gave excellent agreement with equation 2. 
The x̂ î  value determined by Orr for similar glass beads 
was used to calculate the suspension viscosities in the 
present study. 
(2) Graphite suspensions. Since the graphite used in Orr's 
study was also utilized here, the volume fraction of 
graphite in a sedimented bed as determined by Orr was 
used in calculating graphite suspension viscosity. 
Miller's data have been recalculated by using, in the 
viscosity relation, the ultimate bed volumes reported 
for 500-milliliter samples of his suspensions. 
In calculating Miller's data for kerosene 
systems, the temperature variation of kerosene viscosity 
was obtained from data given by McAdams (1942) for a 
kerosene having similar A.S.T.M. distillation character-
istics. It was necessary to employ this information 
in order to calculate kerosene viscosity at the pipe 
wall temperature. 
Pipe wall temperatures for the data of Miller 
were calculated from the reported values of the heat 
transfer coefficient, the fluid temperatures, the heat 
transfer rate, and the inside pipe surface area. The 
temperature, thus obtained, was considered acceptable 
if its value was less than the temperature of the steam 
in the surrounding jacket. Any error introduced by 
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the above estimation was considerably reduced when 
the resulting liquid viscosity at the pipe wall temper-
ature was raised to the 0.14 power. 
As stated previously, data for several of 
Miller's water-graphite suspensions deviated by more 
than + 25 per cent from the predictions of equation 2. 
His data for water followed the same general trend as 
the water-graphite suspension data, but kerosene and 
the kerosene-graphite suspension gave excellent 
agreement with equation 2. Upon consideration of the 
possible sources of error, in general, the correlation 
of Miller's data would seem acceptable. 
(3) Chalk suspensions. Four concentrations of water-chalk 
suspensions were investigated, but only the two con-
taining 4.99 per cent and 13.9 per cent by weight are 
shown in Figure 6. During the initial period of 
operation with chalk suspensions, only the 4.99 per 
cent concentration was studied. The heat transfer 
apparatus was then cleaned by the circulation of a 
suspension of water and glass beads, and more con-
centrated suspensions were studied during the next 
operating period. The 13.9 per cent concentration 
was then investigated; more chalk was added, and higher 
concentrations were tested during the same period of 
operation. However, chalk was deposited steadily on 
the pipe wall so that, toward the end of the chalk 
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investigation, only negligible heat transfer was obtained 
This fouling of the heat transfer surface made the high 
concentration chalk data meaningless. 
Professor Bonilla furnished Orr the information 
by which the sedimented bed concentration was calculated 
for the chalk used in the investigation of Bonilla, 
et al. As noted previously, the viscosities of the 
present study on chalk suspensions were determined by 
utilizing the ratio of bed volume to suspension volume 
for samples of the water-chalk suspensions studied. 
(4) Copper suspensions. The average particle size of the 
copper used by Salamone was approximately the same as 
that used in Orr *s investigation and in the present 
study. Therefore, the x̂ ĵ  value determined by Orr for 
powdered copper was used in calculating the viscosity 
of water-copper suspensions. The results of the present 
investigation are in close agreement with the re-
calculated data of Salamone. As shown in Figure 6, the 
water-copper suspension data are below the line 
representing equation 2. The deviation increases for 
increasing Reynolds numbers and for higher copper 
concentrations. 
Discussion of the correlation.—Except for the discrepancies 
noted and discussed previously for certain water-graphite 
and water-chalk runs, the data plotted in Figure 6 appear to 
follow a general trend. The best line drawn through the 
54 
points would obviously have a slope slightly less than the 
slope of 0.8 required for equation 2. However, the purpose 
of this investigation was to make a comparison with equation 2, 
and since the agreement was satisfactory, other possible 
representations of the data were not determined. 
The correlation of heat transfer data is affected by 
the manner in which pipe wall temperatures are obtained. In 
this investigation, as in Orr's, the pipe wall temperatures 
were found to vary linearly along the heat transfer pipe. 
As expected, the temperature of the upper pipe wall was 
slightly higher than the temperature of the lower wall — 
generally from 1° F. to 3*̂  F. higher. However, in several 
instances a reversal of the above effect was noted. This may 
be attributed to error in the temperature measurement and to 
possible change of thermocouple calibration with time. 
End effects were taken into consideration by 
extrapolating the line through the temperature data; the 
terminal temperatures, thus obtained, represented the linear 
temperature distribution. The pipe temperature at the fluid 
outlet was generally higher than the inlet pipe temperature 
by about 10° F. 
The pipe wall temperatures reported for the data of 
Bonilla, £t̂  aĵ -> and of Salamone were the values obtained 
through averaging the temperatures indicated by three 
thermocouples in the upper pipe wall and by three in the 
lower wall. These investigators, therefore, employed a 
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single pipe wall temperature for each run. From pipe 
temperature data of Salamone (1954), several pipe wall 
temperature plots were attempted in accordance with the 
methods of the present investigation. Since Salamone had 
located two thermocouples at the center and two at each 
end of his heat transfer pipe, deviations, which were 
probably due to end effects, made it impractical to employ 
any temperature distribution other than a constant pipe 
wall temperature. 
The six thermocouples used to measure pipe wall 
temperatures in the study of Bonilla, £t̂  ̂Ji* » were similarly 
spaced along the pipe. Miller employed the same thermo-
couple locations as Bonilla, ejt al. As noted previously, 
Miller made only two runs in which pipe wall temperatures 
were recorded, and the heat transfer coefficients for all 
other runs were determined by the Wilson (1915) method. 
With regard to the range of variables covered by the 
correlation of Figure 6, reference to Table V will indicate 
the range of physical properties for the solid materials 
studied. The heat transfer fluids afforded the following 
variations in physical properties: thermal conductivity 
of 0.387 Btu/hr.,ft?(°F.per ft.) for water to 
0.661 Btu/hr.,ft?(^F.per ft.) for the 32.5 weight per cent 
o 
graphite suspension; heat capacity of 0.475 Btu/lb., F. for 
the kerosene-graphite suspension to that of water; viscosity 
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of 0.760 lb./br.,ft. for water to 7.70 lb./hr.,ft. for the 
graphite suspension of highest concentration; and density of 
49.2 lb./ft. for kerosene to 83.0 lb./ft. for the copper 
suspension of highest concentration. Besides the nominal 
3/8-inch I.P.S. pipe used in this study, pipes of the 
following sizes were used for the other investigations 
reported here: 1-1/2-inch I.P.S. for chalk suspensions, 
1-inch I.P.S. for graphite suspensions, and 1/2-inch I.P.S. 
for copper suspensions. 
Reynolds numbers from 11,000 to 230,000 were employed 
for suspensions containing up to 32.5 per cent solid material 
by weight. It should be noted that this concentration was 
obtained in the present study, while the maximum concentration 
reported by the other investigators of horizontal flow was 
the 18.0 v/eight per cent chalk suspension studied by 
Bonilla, e_t aJ. Considerable coverage of the variables 
affecting the transference of heat to liquid-solid sus-





The conclusions resulting from the present investi-
gation may be summarized as follows: 
1. For a liquid-solid suspension flowing turbulently 
inside a horizontal pipe, the average film coefficient of 
heat transfer between the pipe wall and the suspension is 
given by the relationship 




for the suspension concentrations studied if suspension 
thermal conductivity and viscosity are evaluated by the 
relationships of Tareef (1940) and of Orr (1952), respective-
ly, and if other terms are evaluated in the usual manner. 
2. The difference observed between the correlation 
of Orr (1952) for suspensions in vertical turbulent flow and 
the present correlation for suspensions in horizontal 
turbulent flow is that, whereas, a Reynolds number exponent 
of 0.8 suffices for the vertical flow situation, a slightly 
lower value seems to be required for the best correlation 
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APPENDIX I 
PHYSICAL PROPERTIES OF SUSPENSION MATERIALS 
Particle size distributions of glass beads and of 
copper powder are shown in Figure 8. Sources and data on 
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Run No. 31, employing a water-graphite suspension of 
16.0 per cent graphite by weight will be used to illustrate 
the method of calculation. The experimental heat transfer data 
for this run are given on the sample data record in Figure 9. 
References and data for the physical properties of graphite and 
water are given in Appendix I. Necessary information relative 
to the copper heat transfer pipe are given below. 
The nominal 3/8-inch standard I.P.S. copper pipe, 
through which heat was transferred, had a heated length of 
8.21 feet. The pipe had an inside diameter of 0.0413 feet and 
an outside diameter of 0.0563 feet. The areas of the inside 
and outside heat transfer surfaces of the pipe were 1.064 
square feet and 1.451 square feet, respectively. Therefore, 
the logarithmic mean heat transfer surface area was 1.247 
square feet. The pipe had an internal cross-sectional area 
of 0.00134 square feet and a wall thickness of 0.0075 feet. 
If it is assumed that no heat loss occurred through 
the insulated portions of the copper pipe, the suspension 
entered the exchange section at a temperature of 160.8°F. and 
left at a temperature of 202,8°F., as shown by Figure 10. 
Therefore, the physical properties of water and graphite were 
evaluated at the bulk mean suspension temperature, 181.8 F. 
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EXPERIMENTAL HEAT TRANSFER DATA 
Water and G-^APMlTi? ' Run No. 3 / 
( S o l i d M a t e r i a l ) D a t e TTVaA/iK rVoA-̂ 10 . IS^S 
B a r o m e t r i c p r e s s u r e , £ ^ . 0 i n .Hg. , \^.Z. p s i 
STEAM 
Main l i n e p r e s s u r e , fS8^ 1 6 5 p s i g ; c o r r e c t e d a v g . /-SO p s i g , 16^ p s i a 
A p p r o x i m a t e e x c h a n g e - s e c t i o n p r e s s u r e , \Q.\ p s i g , 2.H.Z p s i a 
C a l o r i m e t e r t e m p e r a t u r e , Z^^Q " F . 
Condensate r o t a m e t e r , 5^87.5^87; c o r r e c t e d a v g . f low r a t e , O.o^^S f t / m i n . 
D e n s i t y of HgO a t ^ 3 V . 2 ° F . , 5 9 . 3 I b . / f t ^ ; a v g . f low r a t e , ^ . ^ y l b . / m i n 
SUSPENSION 
Minimum p r e s s u r e on f l u i d , 6.S, 6 . 5 p s i g ; c o r r e c t e d a v g . 7.2 p s i g , 2 / . ^ p s i a 
4.55 A __ ii._ssy 
Manometer r e a d i n g , "t.i>:> , 4t.S5ln.Hg.; a v g . p r e s s , d r o p , *?./ i n . H g . , ^ .S p s i 
S u s p e n s i o n r o t a m e t e r r e a d i n g , 
S u s p e n s i o n f low r a t e , 
3 ° ) l b . S o z . ; T a r e , 5 l b . IZ o z . ; Time, 3 o s e c . ; Flow, 3 3 . g l b . 
S°i S 5 II 30 33.6 
Average f low r a t e , 6 7 . ^ l b . / m i n . 
S u s p e n s i o n d e n s i t y , 
Z'iZZgm. ; T a r e , q&Ugm. ; Weigh t , jgSSgni. ; Volume, /7o7nil . : Temp. . 22 . °C., 7 If, ^ F . 
Average d e n s i t y a t 71.6 F . , 1.025 g m . / m l . , 67 .7 l b . / f t . 
S e d i m e n t e d bed volume d a t a . 
S u s p e n s i o n vo lume, 2^l.5ml . ; bed volume . ) |2 ml . ; Temp. . 3 1 ^C. , g7 8 ^ F . 
' •V^^ ' / .S - 0.4fc*f , Av& = o H-fc? 
TEMPERATURES 
* Thermocouple located on top of pipe: ( ) Position of thermocouple relative 
Op to the 0 - 98.5 inch heated length 
Inlet 1. (-28.4) 3.<»/»,3.o22 I60.8 Exit 12. (109.3) ̂ .067, H o7| 2oZ.8 
2* (4.2) M-.;i23 
3 . ( 4 . 6 ) *f.37S 
4 . ( 2 6 . 0 ) 4 , 5 2 / 
5* ( 2 6 . 6 ) 4.531 
6. ( 4 8 . 5 ) 4 ,5 73 
7* ( 4 9 . 1 ) 4.<il/ 
8. ( 7 1 . 0 ) 4.65') 
9* ( 7 1 . 5 ) 4 .652 
10* ( 9 5 . 3 ) 4.<;,^T 
1 1 . ( 9 5 . 8 ) 4 . (>«I7 ZZ6.7 ^ank the rmomete r . '""C. . ^ F . 
Figure 9. Sample Experimental Data Record. 
2o8.'^ Tank 1 3 . 2 913 iS'^.'i 
a i 4 . 5 C o n d . l 4 . H.'loi 2 3 4 2. 
220 .0 2A* ( 2 . 1 ) 
2 2 0 . 4 3A. ( 2 . 6 ) 
2 2 2 . 0 7A* ( 4 5 . 0 ) 
2 2 3 . 4 8A. ( 4 5 . 5 ) 
Z2H.S lOA* ( 9 4 . 0 ) 
ZZS.O U A . ( 9 4 . 5 ) 
2 2 6 . 7 
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CALCULATED HEAT TRANSFER DATA 
W a t e r and AP*J/Tfe- Run No. 3 / 
( S o l i d M a t e r i a l ) D a t e 7T\OL/V.C^. Zl / 1 1 5 5 
1 . S u s p e n s i o n t e m p e r a t u r e s : I n l e t I^O^^F. , O u t l e t ZoZ3^¥., Bu lk mean iSLd^F. 
A t = -4-2.0*F. 
2. Water properties at bulk mean suspension temperature: 
Density 0.̂ 70 gm./ml. , ̂ O-Slb./ft?; Viscosi ty 0.g301b./hr . , f t . 
Thermal Conductivity 0.3'̂ OBTU/hr . , f t . , ̂ F . ; Heat Capacity i,Oo*/'BTU/lb . , ̂ F . 
3. Solid material properties at bulk mean suspension temperature: 
Density 1,*^^) gtn./ml. , l^i^-^lb./ft? 
T h e r m a l c o n d u c t i v i t y ^tZBTV/hr . , f t . , ° F . ; H e a t C a p a c i t y 0-2^^ B T U / l b . , ^F . 
4. Suspension concentration: 
Avg. Weight % solids |6.0 : Avg. Volume % solids y.'V*? at bulk mean temp. 
Volume fraction solids expressed as fraction of sedimented bed vol.cone. CHi? 
o.oi'^^/^ 2̂ ^̂  _ 0.3<^ 
5. Suspension properties at bulk mean suspension temperature: 
Densi ty i.oSS gm. /ml. , 4S.8lb./f t?; Viscosity I.i7 lb./hr..ft. 
Thermal conductivity Q-f^fBTU/hr . ,ft. ,^F. : Heat Capaci ty 0.87*>BTU/lb . , ̂ F . 
6. Heat transferred: Enthalpy of steam //9a.<BTU/lb. ; condensate ̂ o£.SBTU/lb. 
Heat to suspension £^9oBTU/min.; Heat from steam 24lOBTU/min. 
Error based on heat to suspension ^.? % 
7. Pipe wall temperatures — Log mean temperature difference 
Pipe wall center temp. : Inlet Zn.(p¥ . ; Outlet ZZl,(pF . : Avg. ZZZtP^. 
Thermal conductivity of copper pipe at avg. wall temp. ̂ l7.SBTU/hr . , f t. , °F. 
Temp, drop between pipe wall center and inside surface 2..Z. ^F. 
Inside pipe surface temp.: Inlet £/5.^F. ; Outlet ZZS/ff. ; Avg. ZZOA'^F . 
Viscosity of H,,0 at avg. surface temp .0-653 lb . /hr . , f t. ; Log mean At 3^3 ̂ F . 
8. Heat transfer coefficient 3 8 70 BTU/hr. ,Ft. , F.; Mass velocity 3^0;^4^0oo 
Ib./hr.,ft? 
R e . N o . (DG//4.) 7 4 / ^ 0 0 ; P r . No. (C /< - /k ) Z.°iS ( P r . ) ^ ' ^ ^ | . 4 3 « f 
N u . N o . ( h D / k ) 3 2 * ; S t . N o . (h /CpG) 
/ ^ H 2 0 A 2 0 , w a l l t e m p . I.Z7 ; ( /V/*^^)" '^^ | . 0 3 ^ : N u / P r ^ • ̂ ^ ( / > ^ ) ^ " ̂ ^ £ / 6 
Figure 11. Sample Calculated Data Record. 
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The physical properties have been entered on the calculated 
heat transfer data record shown in Figure 11. 
For the five runs of the 16.0 per cent concentration, 
the average suspension density was determined as 1.085 gm./ml. 
at the room temperature of 71.6^F. The density of graphite 
is 1.989 gm./ml., and the density of water at 71.6^F. is 
0.998 gm./ml. The fraction by weight of graphite was then 
found from a simple material balance to be 0.160. 
Suspension density at the bulk mean suspension tempera-
ture was calculated from the density measured at room 
temperature. The change in suspension density with temperature 
was assumed to be due entirely to the change in the water 
density. Since the density of water at the bulk mean 
temperature is 0.970 gm./ml., the suspension density at this 
temperature was,there fore, 
1.085 | j ^ X jy^y^ = 1.055 5 ^ or 65.8 j ^ . 
The fraction by volume of graphite in the suspension 
at the bulk mean temperature was then calculated as 
0.160 "̂̂ ' graphite ^ 1.055 ̂  0^349 ml. graphite . 
gm. suspension 1.989 ml. suspension 
Suspension physical properties were then calculated from 
relations which require the suspension concentration and the 
physical properties of water and of graphite. 
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The suspension heat capacity was calculated as the 
weighted average of the heat capacities of water and of 
graphite at the bulk mean temperature. Thus, 
C = (0.160 X 0.224) + (0.840 x 1.004) = 0.879 |̂̂ ,̂jy . 
Upon substitution into equation 5, the thermal con-
ductivity of the suspension was calculated to be 
r. ̂ ,̂̂  r(2 X 0.390) + 88.2 - (2 x 0.0849) (0.390 - 88.2)1 
kg = 0.390 (2 x 0.390) + SS.2 4 0.0849(0.390 - 88.2) 
Btu  
" 0.498 hr.,ft2(0F.per ft.) ' 
Suspension viscosity was calculated by substitution 
into equation 6. Thus, 
II . Q-g30 lb. 
ns * Ti 0.0849,1.8 = 1-67 hr.,ft. 
^^ "" 0.264 ̂  
The rate of heat transfer to the fluid was calculated 
to be 
^^•^ HIHT ^' ^'^^^ xb^l'Sf. "" (202.8 - 160.8)OF. = 2490 |iH. 
The enthalpy of superheated steam at the calorimeter 
pressure and temperature was determined from the data of 
Keenan and Keyes (1936) to be 1190.1 Btu/lb. This value was 
also considered to be the enthalpy of the steam entering the 
exchange section. The condensate was assumed to be saturated 
liquid at the condensate stream temperature, 234.2°F. The 
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enthalpy from Keenan and Keyes for the condensate leaving the 
exchange section was, therefore, 202.5 Btu/lb. 
The rate at which heat was removed from the steam was 
then 
2.64 i^x(1190.1 - 202.5) $|E = 2610 ̂ ^^ 
mm. lb. mm. 
This value was 120 Btu/min. or 4.8 per cent higher than the 
rate of heat transfer calculated from suspension data. For 
reasons stated in Chapter V, the value of 2490 Btu/min. was 
taken as the rate of heat transfer for all the calculations 
of this run. 
The total mean temperature drop across the pipe wall 
was found to be 
2490 X 60 Bi^ X 0.0075 ft. pipe wall thickness x ^ hi*., ft., F 
Fr. * 217.8 Btu,ft 
X 2 = 4.1^F. 
1.247 ft. of heat transfer area 
For a pipe having the inside and outside diameters 
stated, it was shown by Orr (1952) that 54 per cent of the 
total temperature drop across the pipe wall occurs from the 
midplane of the pipe wall to the inner surface. Since the 
embedded thermocouples were assumed to indicate the tem-
peratures at the midplane, the mean temperature drop across 
this portion of the pipe was then 
4.1°F. X 0.54 - 2.20F. . 
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The logarithmic mean temperature difference was cal-
culated from the terminal temperatures of the inside pipe 
surface and of the suspension. Thus, 
A T - ATi - A T Q ^ £(217.6 - 2.2) - 160.8]-[(227.6 - 2.2) - 202.8] 
In ̂ ^ "̂̂ '̂̂  ^^^ [(227.6 - 2.2) - 202.SI 
A ̂o 
= 36.3°F. 
The average film coefficient of heat transfer, based on 
the logarithmic mean temperature difference, was calculated to 
be 
h = 2490 X 60 2 ^ X 1 „ x ^ 
EFT 1.064 ft^ 36.30F. 
= 3870 ^^^n ̂ — . 
hr.,ft2,OF. 
The mass velocity was then calculated to be 
«P« ^ lb. 60 min . 1 - o rkoc nnn 1" • 
6/.4 —. X — r - X rr - 3,026,000 9 
mm. ^ir. 0.001336 ft? hr.,ftf 
From the above quantities, the values of Reynolds, 
Prandtl, and Nusselt numbers were calculated. 
OG 0.0413 X 3,026,000 _ . ^^^ 
T~wr " ^'^»^oo •̂s 
Ss>^s 0.879 X 1.67 _ ^ Q^ 
—T^— ~ — w r m B ^'^^ 
s 
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hD 3870 X 0.0413 
^ « 0.49S = 221 
Instead of employing water-graphite viscosities in the 
viscosity ratio,/^/XA, it is more convenient to use the value 
of water viscosity at each of the two temperatures. The two 
methods should yield the same ratio value since experimental 
data indicate that the temperature variation of suspension 
viscosity is entirely due to the change in the liquid*s 
viscosity. However, upon consideration of the terms of 
equation 6, it is noted that x varies slightly with 
temperature while x , is a constant for each liquid-solid 
system. Therefore, equation 6 is in opposition to experi-
mental evidence, but the small discrepancy is well within 
the limitations of the empirical suspension viscosity 
relationship. In all of the calculations of this investi-
gation, liquid viscosities were employed in the viscosity 
ratio term. 
For Run No. 31, the average inside pipe surface 
temperature was 220.4^F., at which temperature water has a 
viscosity of 0.653 ̂ "̂̂ ^̂ ^ . Therefore, 
(i^_) = Q-^30 > ^ 27 
^/JL/ 0.653 - • 
For comparison of experimental data with equation 2, 
1/3 If 0 14 the grouping Nu/(Pr) (/̂ Z/̂ ,̂) * was plotted versus 
Reynolds number on logarithmic coordinates. For this run, 
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Nu 321  
(Pr)^/^ (^)O-l^ '- (2.95)1/3 (1.27)«-14 ° ''' ' 
/w 
The method of calculation illustrated in the preceding 
paragraphs was applied to each of the seventy-two runs of 
this investigation and, as necessary, to the data of the 




The experimental suspension viscosity data of Orr 
(1952) are reproduced in Figure 12. The Sieder and Tate 
heat transfer relationship, as written for a suspension, was 
rearranged as an expression for suspension viscosity. 
Representative heat transfer data of this investigation were 





Figure 12. Experimental Suspension Viscosity Data from Which Equation 6 
Was Obtained. [Data of Orr (1952).] 
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SUSPENSION HEAT-EXCHANGER' VISCOSITY 
The Sieder and Tate equation, as written for a 
suspension, 
hD DG ^-^ ^DS>^s ^/^ JUL 0.14 
% Ms ^s Mw 
may be rearranged to express A* /Mo ^^ terms of experimental 
heat transfer data and readily determined physical properties 
of the suspension and liquid. Thus, 
_ 12/7 3/7 0.3 0.7 
JL- <-^> (w) (/̂ w> <>̂ > 
Ms " 3/7 15/7 AT ^̂ /'̂  k<:; ^̂ /'̂  
'̂ ^ (TT) (.027L) (31B.) (--P-^) 
ATg ^ps 
The value of suspension viscosity, thus obtained from ex-
perimental quantities, is one that would require agreement 
of the experimental heat transfer results with the Sieder and 
Tate relationship. 
In accordance with Orr's presentation of suspension 
viscosity data, the viscosity ratio is plotted versus the 
concentration ratio, x /x , , in Figure 13. The ratio 
V vb 
X /x , has been determined by Orr's method in which x and 
^vb ^̂ ® evaluated separately; the ratio was also determined 
by the graduated cylinder technique outlined in this report, 
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is equivalent to x^/x^j^. Representative runs for each of the 
suspensions studied in this investigation are presented in 
Figure 13. 
While not in agreement with the data for water-suspensions 
of the three less dense materials, the data for the copper 
suspensions plot linearly in Figure 13 for both methods of the 
x^/Xyj^ evaluation. For determination of the ratio by the 
graduated cylinder technique, the data for the less dense 
materials are definitely better represented by the equation 
Ms 1 
>^ " (1 - fl_) 
''vb 
than by the curve representing Orr's suspension viscosity 
relationship, equation 6. If the volume fraction x̂ ,̂ is 
logically considered to be the concentration at which zero 
fluidity (i.e., infinite viscosity) occurs, then the agree-
ment of the experimental data with the straight line is in 
accordance with the relationship of Bingham and Durham (1911), 
P^ (1 - fv_^) 
X 
vo 
For the case in which the quantities x and x , were 
evaluated separately, the data for chalk, glass beads, and 
graphite are in better agreement with Orr's suspension 
viscosity relationship, 
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IJL ,̂  x^ 1.8 
(1 - -^) 
vb 
Through application of the above treatment to the 
various heat transfer relationships, further examination of 
experimental data might result in definite trends, if only 
for individual systems, which could prove useful as a sus-




The calibration data for the fluid inlet, fluid out-
let, and condensate thermocouples, together with data for 
two pipe-wall mounted thermocouples and two unmounted 
thermocouples, are given in Table VI. 
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TABLE VI 
THERMOCOUPLE CALIBRATION DATA* 
Temperature 
Indicated by Average Thermocouple Indi cation* * 
Bureau of (Absolute Millivolts ) 
Standards • 
Calibrated 
Thermometers No. 1 No.12 No. 14 No. 3 No. 10 No. 4 No. 9 
(°F.) 
100.9 1.561 1.564 1.564 1.535 1.571 1.536 1.574 
124.6 2.138 2.140 2.140 2.108 2.153 2.109 2.155 
151.9 2.803 2.804 2.804 2.765 2.816 2.767 2.816 
174.8 3.364 3.365 3.365 3.329 3.375 3.330 3.375 
201.5 4.032 4.035 4.034 3.998 4.046 3.998 4.046 
226.0 4.684 4.687 4.686 4.654 4.697 4.654 4.698 
248.7 5,283 5.285 5.284 5.244 5.294 5.247 5.298 
•Thermocouples Nos. 1, 12, and 14 were mounted in copper 
tubes for insertion into the inlet mixing chamber, outlet 
mixing chamber, and condensate line, respectively. Thermo-
couples Nos. 4 and 9 were embedded in the wall of a short 
section of copper pipe. 
**Average of three indications for each thermocouple at each 
temperature. Melting ice reference junction was used. 
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